The SSU Processome (sometimes referred to as 90S) is an early stabile intermediate in the 25 small ribosomal subunit biogenesis pathway of eukaryotes. Progression of the SSU Processome to 26 a pre-40S particle requires a large-scale compaction of the RNA and release of many biogenesis 27 factors. The U3 snoRNA is a primary component of the SSU Processome and hybridizes to the 28 rRNA at multiple locations to organize the structure of the SSU Processome. Thus, release of U3 29 is prerequisite for the transition to pre-40S. Our lab proposed that the RNA helicase Dhr1 plays a 30 crucial role in the transition by unwinding U3 and that this activity is controlled by the SSU 31 Processome protein Utp14. How Utp14 times the activation of Dhr1 is an open question. Despite 32 being highly conserved, Utp14 contains no recognizable domains, and how Utp14 interacts with 33 the SSU Processome is not well characterized. Here, we used UV crosslinking and analysis of 34 cDNA and yeast two-hybrid interaction to characterize how Utp14 interacts with the pre-ribosome. 35
ABSTRACT 24
The SSU Processome (sometimes referred to as 90S) is an early stabile intermediate in the 25 small ribosomal subunit biogenesis pathway of eukaryotes. Progression of the SSU Processome to 26 a pre-40S particle requires a large-scale compaction of the RNA and release of many biogenesis 27 factors. The U3 snoRNA is a primary component of the SSU Processome and hybridizes to the 28 rRNA at multiple locations to organize the structure of the SSU Processome. Thus, release of U3 29 is prerequisite for the transition to pre-40S. Our lab proposed that the RNA helicase Dhr1 plays a 30 crucial role in the transition by unwinding U3 and that this activity is controlled by the SSU 31 Processome protein Utp14. How Utp14 times the activation of Dhr1 is an open question. Despite 32 being highly conserved, Utp14 contains no recognizable domains, and how Utp14 interacts with 33 the SSU Processome is not well characterized. Here, we used UV crosslinking and analysis of 34 cDNA and yeast two-hybrid interaction to characterize how Utp14 interacts with the pre-ribosome. 35
Moreover, proteomic analysis of SSU particles lacking Utp14 revealed that Utp14 is needed for 36 efficient recruitment of the RNA exosome. Our analysis positions Utp14 to be uniquely poised to 37 communicate the status of assembly of the SSU Processome to Dhr1 and possibly the exosome as 38 well. 39
INTRODUCTION 41
Ribosomes are the complex and dynamic molecular machines that decode genetic 42 information into protein. In Saccharomyces cerevisiae, the ribosomal large subunit (LSU or 60S) 43 is composed of three ribosomal RNA (rRNA) molecules (25S, 5.8S, 5S) and 46 ribosomal proteins 44 Processome to pre-40S particle, however it is not present on cytoplasmic particles (Johnson et al. 88 2017; Heuer et al. 2017 ). Utp14 is a highly-conserved protein found throughout eukaryotes but 89 contains no recognizable domains, and its interaction with the pre-ribosome has only recently 90 begun to be revealed (Sardana et al. 2013; Zhu et al. 2016 ; Barandun et al. 2017; Cheng et al. 91 2017) . 92
We sought to further characterize the interaction of Utp14 with the pre-ribosome to 93 understand how it regulates Dhr1 activity in the context of the SSU Processome. Here, we used 94 UV Crosslinking and Analysis of cDNA (CRAC) to identify the RNA binding sites of Utp14 and 95 yeast 2-hybrid analysis to map domain interactions with assembly factors and small subunit r-96
proteins. In addition, we examined the protein and RNA composition of particles arrested with 97 several Utp14 mutants. Our work is consistent with and extends recent structural and genetic 98 analyses of the SSU Processome. 99 100
RESULTS 101
Utp14 binds multiple RNA elements in the SSU Processome. To determine the RNA binding 102 sites of Utp14 we used a modified UV cross-linking and analysis of cDNA (CRAC) protocol 103 (Granneman et al. 2009 ). UV irradiation induces covalent cross-links between amino acids and 104 neighboring nucleic acids allowing for nucleotide-resolution of RNA binding sites of proteins. The 105 C-terminal His6-tobacco etch virus (TEV) protease recognition site-protein A (HTP) tag was 106 integrated into the genomic locus of UTP14. The HTP tag had no apparent effect on growth (data 107 not shown). Cells were subjected to UV irradiation and RNAs crosslinked to Utp14-HTP were 108 first affinity-purified via the protein A tag under native conditions followed by RNase treatment and a second step purification via its His6 tag under denaturing conditions. To verify that RNAs 110 were crosslinked to Utp14, co-purifying RNAs were radio-labeled with 32 P, separated by SDS-111 PAGE and autoradiographed ( Figure 1A ). The HTP-tagged sample contained a high molecular 112
weight radiolabeled band that was not present in the untagged control. This species was excised, 113 crosslinked RNAs were released from Utp14 by proteinase K digestion, and the crosslinked RNAs 114 were sequenced following library preparation (see Materials and Methods). Whereas the CRAC 115 protocol involves ligation of oligonucleotides to both ends of the RNA followed by reverse 116 transcription and amplification, we ligated a single oligonucleotide to the 3'-ends of the RNAs, 117 followed by reverse transcription, circularization of the resulting product and amplification. This 118 strategy results in a characteristic drop-off of the reverse transcriptase on the 5'-end of the cDNA 119 product where an amino acid was crosslinked to the RNA substrate. 120
Utp14-HTP crosslinked RNAs were enriched for rRNA and snoRNAs compared to the 121 mock in both replicates ( Figure 1B) . Despite the lower level of rRNA enrichment in the second 122 replicate, both datasets showed specific hits within rRNA, mapping primarily to pre-18S rRNA 123 within 35S rRNA (Figure 1C and 1D; bottom) . Utp14 crosslinked to multiple RNA elements 124 within the pre-18S rRNA ( Figures 1C and 1D ; top). The highest read densities corresponded to 125 nucleotides spanning helix 26es7 (hereafter referred to as helix 26) and across the 3'-end of helix 126 45 through the D-site which generates the 3'-end of 18S after cleavage in the cytoplasm. Consistent 127
Utp14-specific reads were also obtained at helices 18 and 36/37, while read densities across 21es6d 128 (hereafter referred to as ES6) were reproducible but more variable between the two data sets. A 129 small subset of reads aligned to nucleotides surrounding ~480-600 of the 5'-ETS and the 5'-end 130 of 18S. Mapping these binding sites to a current SSU Processome structure ( Figure 1E ) showed 131 that helix 26 and the D-site are approximately 60 Å apart from one another, while helix 18 is 132 tucked within the core of the structure, and the 5'-ETS sites are on the exterior of the particle 133 approximately 70 Å away from helix 26 and approximately 140 Å away from the D-site. Helices 134 21es6d, 36, and 37 of the 18S rRNA were unresolved in this structure. These results imply that 135
Utp14 traverses a large area of the SSU Processome. It is also possible that different sites are 136 contacted at different stages of 40S assembly as Utp14 associates with 90S and pre-40S (Zhu et 137 al. 2016) . 138
Our result that Utp14 crosslinked across the A 1 site and 5'-ETS is consistent with recent 139 structures of the SSU Processome in which limited regions of Utp14 were resolved (Barandun et 140 al. 2017) . That work showed that residues 845-849 of Utp14 contact the A 1 site and residues 828-141 834 of Utp14 contact several nucleotides of helix V of the 5'-ETS, while residues 317-408 and 142 876-896 of Utp14 wrap around helices VII and VIII of the 5'-ETS. A similar interaction of Utp14 143 with the 5'-ETS is also observed in the SSU Processome from the thermophilic fungus 144
Chaetomium thermophilum . 145
Since Utp14-HTP also enriched for snoRNAs ( Figure 1B) , we analyzed the percentage of 146 reads aligning to each snoRNA relative to the total sense aligned reads (Supplemental File 1). U3 147 snoRNA (SNR17A/B) was present in both datasets with the majority of the reads mapping to 148 nucleotides ~20-60 of U3 ( Figure 1F ). Interestingly, this binding site overlaps the binding site of 149
Dhr1 on U3 that we previously identified ( Figure 1E ) (Sardana et al. 2015) . Although the negative 150 control from data set 2 also contained reads to this region of U3, a recent SSU Processome structure 151
confirmed that Utp14 appears to contact U24 and G37 of U3 ) which are 152 within the range protected by Utp14 in our crosslinking analysis ( Figure 1F ). Thus, in addition to 153 its rRNA contacts, we conclude that Utp14 also directly interacts with the U3 snoRNA. Moreover, 154 a small set of reads aligned to snR30. It was previously reported that snR30 hybridizes to helix 26, 155 a major crosslink site of Utp14, before its release by Rok1 (Martin et al. 2014 ). Thus, the reads 156 mapping to snR30 may reflect a transient interaction between Utp14 and snR30. When taken 157 together, these data demonstrate that Utp14 is an RNA binding protein that contacts multiple RNA 158 elements within the SSU Processome with its primary sites being helix 26 and the D-site. 159
160
The N-terminus of Utp14 interacts with proteins that bind Helix 26. We first attempted to 161 support our crosslinking result that Utp14 binds to helix 26 using the yeast three-hybrid system, 162 but we were unable to detect a specific interaction (data not shown). As an alternative approach, 163 we reasoned that Utp14 may interact with proteins in the vicinity of its RNA binding sites. Utp22, 164 We used Y2H analysis to test direct interactions between Utp14 and these proteins. Indeed, 175 full length Utp14 interacted with Utp22 and Rps1 as indicated by growth on reporter media 176 containing 3-amino-1,2,4-triazole (3AT), a competitive inhibitor of the HIS3 gene product that 177 increases the stringency of the assay. ( Figure 2B ; see columns 2 and 4). Utp14 is 899 amino acids in length, and much of the protein is not resolved in recent SSU Processome structures. To 179 determine which region of Utp14 interacts with these proteins, we assayed a series of N-and C-180 terminal truncations of Utp14 for interaction. All C-terminal truncations retained interaction with 181 Utp22 and Rps1. In contrast, all N-terminal deletions of Utp14 that were tested lost interaction 182 with Utp22 and Rps1. Thus, the N-terminal portion (residues 1-265) of Utp14 was both necessary 183 and sufficient for interaction with Utp22 and Rps1. We also noted that the interaction between 184
Utp14 and Rps1 was enhanced by deletion of aa 565 to 899 ( Figure 2B ; cf. columns 4 and 5). The 185 longer fragments of the protein may fold in a way that inhibits their interaction with Rps1 outside 186 the context of the SSU Processome. We did not detect interactions between Utp14 and Rrp5 or 187
Rrp7 using the S. cerevisiae genes (data not shown). Taken together, the Y2H interaction data 188 between Utp22 and Rps1 with Up14 and the UV crosslinking of Utp14 to helix 26 suggests that 189 the N-terminus of Utp14 (residues 1-265) is responsible for its interaction with helix 26. to the D-site, we also first tested the interaction between Utp14 and the D-site by yeast three-hybrid 193 but were unable to detect an interaction (data not shown). Consequently, we again considered that 194 Dim1, that methylates the 3'-end of the 18S rRNA (Vanrobays et al. 2004 ). An interaction between 201 ctUtp14 and ctPno1 was also reported in a large-scale screen for interactions among biogenesis 202 factors (Baßler et al. 2016 ). To define the domain of Utp14 that interacts with Pno1, we again used 203 Y2H analysis to assay interactions between the various Utp14 fragments and Pno1 ( Figure 3B ). 204
Due to the proximity of the D site to helix 26, we initially expected Pno1 to interact with the N-205 terminus of Utp14. However, we found that C-terminal truncations abolished or weakened the 206 interaction of Utp14 with Pno1, while N-terminal truncations maintained the interaction (Figure 207 2C; column 3). Furthermore, the Utp14 fragment containing residues 1-813 maintains an 208 interaction with Pno1 on 3mM 3AT ( Figure 3B ; column 2) suggesting that residues 707-813 of 209
Utp14 are critical for the interaction with Pno1. While this manuscript was in preparation an 210 interaction between ctUtp14 and the KH-like domain of ctPno1 was reported (Sturm et al. 2017) . 211
Taken together with that study, we infer that Utp14 binds to or near the D-site, and that the binding 212 interface required for this interaction is between the KH-like domain of Pno1 and residues 707- after Utp14 has been released. After affinity-purification and TEV elution, we sedimented samples 228 through sucrose cushions to separate pre-ribosomal particles from extraribosomal bait and other 229 co-purifying extraribosomal proteins. Following mass spectrometry, we generated relative spectral 230 abundance factor (RSAF) values as described previously (Sardana et al. 2015 ). Figure 4A shows The overall compositions of the Utp14-and Dhr1-depleted particles were similar (Figure 238 4A and Supplemental File 2), however, we note several differences amongst the particles after 239 applying the criteria that a given factor in the truncated Utp14 particles showed a log 2 -fold change 240 of ± 1 or more relative to the Dhr1-depleted particles and at least one of the samples contained at 241 least 5 spectral counts. As expected the Utp14-and Dhr1-depleted particles showed significantly 242 reduced signal for Utp14 and Dhr1, respectively. The most notable difference between these two 243 particles was a strong reduction of the RNA exosome in the Utp14-depleted particle relative to the 244 Dhr1-depleted particle suggesting that Utp14 may have a role in the recruitment of the exosome. 245
As a complementary approach, we also tested the significance of the interactions of the N-246 and C-terminal regions of Utp14 using two truncation mutants deleted of residues 1-265 (Utp14-∆N) or residues 707-899 (Utp14-∆C). These Utp14 mutants are expected to lose interactions with 248 its binding sites at helix 26 and the D-site, respectively (Figures 2 and 3 ). Neither of these 249 truncation mutants was able to complement the loss of Utp14 ( Figure 4B ). To rule out the 250 possibility that these mutants were non-functional because they failed to express well or engage 251 with pre-ribosomes, we assayed their sedimentation in sucrose gradients. Both the N-and C-252 terminally truncated proteins showed a population of protein that sedimented in the 40S to 80S 253 region of the gradient, similar to wild-type, suggesting that both proteins enter into pre-ribosomal 254 particles (data not shown). However, less Utp14-∆C sedimented in these deeper gradient fractions 255 than Utp14-∆N did, suggesting that the association of Utp14-∆C with pre-ribosomes is reduced. 256
To ask if there were any changes in the protein composition of the Utp14 mutant particles 257 compared to wild-type, we affinity-purified particles via C-terminal TAP tags. The particles 258 affinity-purified by wild-type or truncated Utp14 displayed overall similar protein compositions 259 with some differences ( Figure 4C and Supplemental File 2). Most notably, the full-length Utp14 260 particles contained the exosome, while it was nearly absent from the Utp14-∆N, and significantly 261 reduced in the Utp14-∆C particle further suggesting that Utp14 has a role in the efficient 262 recruitment of the exosome. Moreover, the Utp14-∆C particles were enriched for Nob1 and 263 slightly enriched for Dim1 and its interacting partner Pno1. Conversely, the Utp14-∆N particles 264 completely lacked Dim1 but contained wild-type levels both of Nob1 and Pno1. In general, the 265 Utp14-∆C particles contained a greater abundance of pre-40S factors than the full-length Utp14 or 266
Utp14-∆N particles. These observations support the notion that the Utp14-∆N particle is stalled in 267 the SSU Processome assembly pathway upstream of the Utp14-∆C particle. Furthermore, both interaction by Y2H ( Figure 5C ). We then used the Y2H system to ask if Utp14 interacted with 283 either Rps7 or Rps22. We found that the N-terminus of Utp14 (residues 1-265) was both necessary 284 and sufficient for the interaction between Utp14 and Rps7 ( Figure 5D ). We did not, however, 285 detect an interaction between Utp14 and Rps22 (data not shown). These results suggest that Rps7 286 and Rps22 initially bind to the SSU Processome in an unstable fashion and require full length 287
Utp14 to stabilize their interaction with the SSU Processome. We considered the possibility that 288 Rps7 or Rps22 is needed for the recruitment of Utp14 to the SSU Processome but did not observe 289 any decreased association of Utp14 upon depletion of either Rps7 or Rps77 (data not shown). 290 291 RNA composition of wild-type and mutant Utp14 particles. We next asked whether the Utp14 292 mutant particles also differed in their content of rRNA processing intermediates. RNA was 293 prepared from TAP-tagged wild-type and Utp14 mutant particles and analyzed by northern 294 blotting to detect rRNA processing intermediates ( Figure 6A ). Wild-type and truncated mutant 295
Utp14 associated with distinct rRNA processing intermediates consistent with their ability to bind 296 pre-ribosomal particles ( Figure 6B ). Particles pulled down with full-length Utp14 contained 35S, 297 33S, 23S, 22/21S, and 20S rRNA intermediates ( Figure 6B ; lane 1), reflecting its association with 298 the SSU processome and pre-40S at multiple stages of pre-rRNA processing. Utp14-∆N associated 299 with 35S, 33S, 23S, and 22/21S, but not 20S ( Figure 6B ; lane 2, D-A 2 panel). The Utp14-∆N 300 particle was also enriched for degradation intermediates of 23S rRNA (asterisks in Fig 6B) , 301
suggesting that the associated RNA was subjected to 3'-degradation by the exosome. Similar to 302 full length Utp14, the Utp14-∆C mutant associated with 35S, 33S, 23S, 22/21S, and 20S (Figure 303 6B; lane 3), but co-purified with less rRNA overall, consistent with its decreased association with 304 the pre-ribosome ( Figure 5A ). The lack of 20S rRNA in the Utp14-∆N particle, indicates that this 305 particle is stalled earlier in the processing pathway, at A 2 cleavage, compared to the Utp14-∆C 306 mutant particle. This result agrees with the proteomic profiles described above, in which the 307 Utp14-∆N contained overall less pre-40S factors than the Utp14-∆C ( Figure 4A ). 308
The exosome is required for the exonucleolytic degradation of the 5'-A 0 fragment (Thoms 309 et al. 2015) . Because the mutant Utp14 particles were deficient for the exosome ( Figure 4A ), we 310 asked if the 5'-A 0 fragment was enriched in the Utp14 mutant particles. For comparison, we 311 depleted the exosome-associated helicase Mtr4 ( Figure 6B ; lane 4) to inhibit degradation of the 312 5'-A 0 fragment ( Thoms et al. 2015) . The Mtr4-depleted sample was highly enriched for the 5'-A 0 313 fragment, as expected. However, the Utp14-depleted particle did not show a similar enrichment 314 for this fragment despite being severely depleted for the exosome, suggesting that the apparent lack of exosome recruitment in the Utp14 mutant particles does not result in a noticeable defect in 316 degradation of 5'-A 0 in these particles. 317
As an alternative method to ask how the Utp14 mutants affected rRNA processing, we 318 carried out a second set of purifications using Enp1-TAP from cells expressing wild-type Utp14, 319 the N-and C-terminal truncation mutants or depleted of Utp14. For comparison, we also affinity 320 purified Enp1-TAP from Dhr1-depleted cells. Northern blot analysis of the RNAs that co-purified 321
with Enp1-TAP from wild-type cells revealed that Enp1 primarily associated with 20S but low 322 levels of 33S, 23S and 22S/21S were also observed ( Figure 6C; lane 1) . This result is consistent 323 with the late entry of Enp1 into the SSU Processome and its continued association with pre-40S 324 Utp14 is also required for cleavages at A 1 and A 2 . The low level of 22S/21S may be due to 330 continued processing in the presence of residual Utp14 or indicate that Utp14 is not absolutely 331 required for A 1 and A 2 cleavage. 332
The two Utp14 truncation mutants resulted in Enp1 association with RNAs reflecting 333 processing that was intermediate between that of wild-type and Utp14-depleted cells. In the 334 presence of Utp14-∆N, Enp1 associated with both 35S and 33S RNAs and instead of the strong 335 accumulation of 23S in Utp14-depleted cells or 20S in wild-type cells, signal was roughly equally 336 distributed among 23S, 22/21S, and 20S species ( Figure 6C; lane 3) . In contrast, in the presence 337 of Utp14-∆C Enp1 associated with both 35S and 33S but the levels of 23S and 22S/21S were reduced with 20S predominating ( Figure 6C; lane 4) . The presence of 20S in the Enp1-purified 339 particle from Utp14-∆N-expressing cells was surprising given that Utp14-∆N itself does not co-340 purify with 20S (Fig. 6B; lane 2) . This may indicate that while Utp14-∆N associates with pre-341 ribosomes that have not yet been cleaved at A 2 , it may not stably associate with particles after A 2 342 cleavage. These results indicate that the N-and C-terminally truncated proteins support rRNA 343 processing that is intermediate between that of wild-type and Utp14-depleted cells, with the Utp14-344 ∆C mutant supporting more extensive processing. By comparison, in the absence of Dhr1 Enp1 345 co-purified with 33S, 22/21S and 20S but not 35S or 23S ( Figure 6C ; lane 5), indicating that Utp14 346 is required upstream of Dhr1 for cleavages at A 0 and A 1 . The accumulation of 22/21S rRNA from 347
Utp14-∆N-expressing cells was similar to the processing defects of the Dhr1-depleted particles, 348
suggesting the Utp14-∆N is defective in its ability to stimulate Dhr1 efficiently ( Figure 6C ; cf. 349 lanes 3 and 5). cleavage site that generates the mature 3'-end of 18S. We also identified Utp14 binding sites within 374 the 5'-ETS and across the A 1 site, which generates the mature 5'-end of 18S (Figure 1 C, D) . To 375 complement our UV crosslinking approach, which did not allow us to determine the domains of 376
Utp14 that were responsible for these RNA interactions, we used yeast-two hybrid analysis to 377 identify interactions between domains of Utp14 and proteins that bound in the vicinity of the RNA 378 binding sites, thereby approximating the domains of Utp14 responsible for the major RNA analysis of Utp14 mutant particles suggests that Utp14 is needed for the efficient recruitment of 402 the exosome to the SSU Processome. This conclusion is based on our observation that the exosome 403 was severely reduced in Utp14-depleted and mutant Utp14 particles compared with Utp14 replete 404 or Dhr1-depleted particles. This difference in exosome abundance was despite the overall 405 similarity in protein composition among these particles and suggests that either Utp14 is directly involved in recruiting the exosome or Utp14 is required for structural rearrangements of the SSU 407
Processome that promote exosome recruitment. 408
It was previously shown that Utp18 recruits the exosome to the 5'-ETS through direct 409 interaction between its AIM domain and the Arch domain of Mtr4, the RNA helicase for the in the vicinity of the A 1 site, the expected position of the A 0 site and approaching Utp18. We note 421 that the exosome was depleted from particles lacking Utp14 in its entirety or lacking either 422 terminus. We suggest that interaction of the two termini is critical for establishing a structure that 423 stabilizes the exosome, either through direct interaction or indirectly through the structure of the 424 assembled SSU Processome. Such influence on the recruitment of the exosome would be 425 consistent with the idea that Utp14 acts to signal between the 3'-and 5'-ends of the SSU 426
Processome to recruit the exosome only after the SSU Processome has been deemed complete 427 ( Figure 7B) . 428
MATERIALS AND METHODS 430
Strains, plasmids, and growth media. All S. cerevisiae strains and sources are listed in Table 1 . 431
AJY4051 was generated by genomic integration of the HIS6-tobacco etch virus (TEV)-protein A 432
(HTP) tag (Granneman et al. 2009 ) into BY4741. AJY4257 and AJY4258 were generated by 433 genomic integration of ENP1-TAP::HIS3MX6 amplified from AJY2665 into AJY3243 and 434 AJY3711, respectively. All yeast were cultured at 30°C in either YPD (2% peptone, 1% yeast 435 extract, 2% dextrose), YPgal(2% peptone, 1% yeast extract, 1% galactose), or synthetic 436 dropout (SD) medium containing 2% dextrose unless otherwise noted. All plasmids used in 437 this study are listed in Table 2 . hydrolyzed by the addition of NaOH to 100 mM and heating at 98°C for 20 minutes. cDNA was 481 precipitated with ethanol, and resuspended in water. Urea loading buffer (Novex) was added to 1X 482 and the sample was denatured at 80°C for 10 minutes. The cDNA product was electrophoresed on 483 a 10% Novex TBE-Urea gel and extracted in TE, followed by precipitation with isopropanol. The 484 purified cDNA product was circularized using CircLigase (Epicentre) incubated at 60°C for 2 485 hours, then heat-inactivated at 80°C for 10 minutes. To add adaptors to the first dataset, the 486 circularized product was amplified using Phusion DNA polymerase and oligonucleotides AJO 487 1986 (5'-AATGATACGGCGACCACCGAGATCTACAC-3') and ScripMiner Index Primer (#11 488 for mock and #12 for Utp14-HTP). For the second dataset, the circularized product was initially 489 amplified using Phusion DNA polymerase and flanking oligonucleotides AJO 2299 (5'-490 TACACGACGCTCTTCCGATC -3') and AJO 2301 (5'-CAGACGTGTGCTCTTCCGATC -3'). 491
The samples were gel purified as described above, resuspended in water and a subsequent PCR 492 was done to add adaptor sequences using Phusion DNA polymerase and the oligonucleotides AJO 493
2352
(5'-494 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC 495
T -3') and a ScriptMiner Index Primer (#2 for mock and #4 for Utp14-HTP). The samples were 496 electrophoresed and purified from the gel as described above and resuspended in water.
The resultant cDNA libraries were sequenced on an Illumina MiSeq platform. The single-498 end reads were processed using fastx_trimmer and fastx_clipper 499 (http://hannonlab.cshl.edu/fastx_toolkit/) to discard low-quality reads and adapter sequences, 500
respectively. The processed reads were aligned to the yeast genome (Ensembl, version R64-1-1) 501 using Bowtie2 (Langmead and Salzberg 2012) . The resultant files were analyzed using 502 pyReadCounters and pyPileup (Webb et al. 2014) . 503 504 Affinity-purification. Cell growth for affinity-purification are described in the sections below. 505
All steps were carried out at 4°C unless otherwise noted. For mass spectrometry, cells were 506 thawed, washed, and resuspended in one volume of Lysis Buffer (20 mM HEPES-KOH pH 8.0, 507 110 mM KOAc, 40 mM NaCl, 1mM PMSF and benzamidine, and 1 µM leupeptin and pepstatin). 508
For northern blot analysis, DEPC-treated and nitrocellulose-filtered reagents were used, and cells 509 were resuspended in 1.5 volume of Lysis Buffer. Extracts were prepared using glass beads and 510 clarified by centrifugation at 18,000xg for 15 minutes. Clarified extracts were normalized 511 according to A 260 , and TritonX-100 was added to a final concentration of 0.1% (v/v). Normalized 512 extract was incubated for 90 minutes with rabbit IgG (Sigma) coupled to Dynabeads (Invitrogen). 513
The beads were prepared as described (Oeffinger et al. 2007 ). Following binding, the beads were 514 washed twice in Wash Buffer (Lysis Buffer supplemented with 0.1% TritonX-100) and once with 515 in the Wash Buffer containing 5mM βME at 16°C prior to resuspension in Elution Buffer (Lysis 516
Buffer supplemented with 5 mM βME). For RNA purification, the Elution Buffer was 517 supplemented with 1 U/µL Murine RNase Inhibitor (New England Biolabs). The bound bait-TAP 518 containing complexes were eluted by addition of homemade TEV protease and incubated for 90 519 minutes at 16°C. The resultant eluates were handed as described in the sections below. 520 Northern blot analysis. For Utp14-TAP affinity-purifications, AJY3243 was transformed with 522 the plasmids pAJ4176, pAJ4177, pAJ4178, or pRS415, and YS360 was transformed with 523 pAJ4176. For the Enp1-TAP affinity-purifications, AJY2665, AJY4258, and BY4741 were 524 transformed with pRS416, and AJY4257 was transformed with pRS416, pAJ3422, or pAJ3426. 525
Cell cultures were diluted into in the appropriate SD media containing 2% glucose at a starting 526 OD 600 of 0.1 and cultured for either 7 hours or grown to mid-exponential phase before collection. 527
Cells were stored at -80°C prior to lysis. Affinity-purifications were performed as described above. 528
Affinity-purified and whole cell extract (WCE) RNAs were isolated using the acid-phenol-529 chloroform method as described (Zhu et al. 2016 ). RNAs were separated by electrophoresis 530 through 1.2%-agarose MOPS 6% formaldehyde gel for four hours at 50 volts. Northern blotting 531 was performed as described (Li et al. 2009 ) using the oligo probes listed in Figure 6 legend, and 532 signal was detected by phosphoimaging on a GE Typhoon FLA9500. 533 534 Mass spectrometry and analysis. For Utp14-TAP affinity-purifications, AJY3243 was 535 transformed with the plasmids pAJ4176, pAJ4177, pAJ4178, or pRS415. Cell cultures were 536 diluted into the appropriate SD media containing 2% glucose at a starting OD 600 of 0.1 and cultured 537 for either 7 hours or to mid-exponential phase before collection. For the Enp1-TAP affinity-538 purifications, AJY2665, AJY4257, and AJY4258 cultures were diluted into YPD at a starting 539 OD 600 of 0.1 and cultured for either 14 hours or to mid-exponential phase before collection. Cells 540 were stored at -80°C prior to lysis. Affinity-purifications were done as described above. To isolate 541 factors associated with only pre-ribosomal particles for mass spectrometry, the eluate was overlaid 542 onto a sucrose cushion (15% D-sucrose, 20 mM HEPES-KOH pH 8.0, 110 mM KOAc, 40 mM 543 NaCl) then centrifuged at 70,000 rpm for 15 minutes on a Beckman Coulter TLA100 rotor. 544
To perform peptide identification by mass spectrometry, we loaded approximately even 545 amounts of protein from the pellet fraction onto a NuPAGE Novex 4-12% Bis-Tris gel. Proteins 546 were electrophoresed slightly into the gel then stained with Coomassie. A small gel slice 547 containing the proteins was excised and dehydrated with acetonitrile, reduced with 10 mM DTT, 548 then alkylated with 50 mM iodoacetamide. The gel slice was washed with 100 mM ammonium 549 bicarbonate then dehydrated with acetonitrile. In-gel digestion was performed using trypsin 550 (Peirce) in 50 mM ammonium bicarbonate overnight at 37°C. Peptides were extracted with 5% 551 (w/v) formic acid treatment, then with 1:2 (v/v) 5% formic acid : 100% acetonitrile treatment. 552
These solutions were combined with the trypsin digest solution and desalted. The resultant 553 peptides were run for one hour on a Dionex LC and Orbitrap Fusion 1 for LC-MS/MS. 554
Mass spectrometry data were processed in Scaffold v4.8.3 (Proteome Software, Inc.), and 555 a protein threshold of 99% minimum and 2 peptides minimum, and peptide threshold of 0.1% FDR 556 was applied. The data were exported to Microsoft Excel then custom Python 2.7 scripts were used 557 to calculate the relative spectral abundance factor (RSAF) for each protein by dividing the total 558 number of spectral counts by the molecular weight. For each sample, the RSAF value of each 559 protein was normalized to the mean RSAF value of the UTP-B sub-complex in Microsoft Excel to 560 reflect relative stoichiometry as done previously (Zhang et al. 2016 
